The CRISPR/Cas9 system is widely applied in genome engineering due to its simplicity and versatility. Although this has revolutionized genome-editing technology, knockin animal generation via homology directed repair (HDR) is not as efficient as nonhomologous end-joining DNA-repair-dependent knockout. Although its double-strand break activity may vary, Cas9 derived from Streptococcus pyogenens allows robust design of single-guide RNAs (sgRNAs) within the target sequence; However, prescreening for different sgRNA activities delays the process of transgenic animal generation. To overcome this limitation, multiple sets of different sgRNAs were examined for their knockin efficiency. We discovered profound advantages associated with single-stranded oligo-donor-mediated HDR processes using overlapping sgRNAs (sharing at least five base pairs of the target sites) as compared with using non-overlapping sgRNAs for knock-in mouse generation. Studies utilizing cell lines revealed shorter sequence deletions near target mutations using overlapping sgRNAs as compared with those observed using non-overlapping sgRNAs, which may favor the HDR process. Using this simple method, we successfully generated several transgenic mouse lines harboring loxP insertions or single-nucleotide substitutions with a highly efficiency of 18-38%. Our results demonstrate a simple and efficient method for generating transgenic animals harboring foreign-sequence knockins or short-nucleotide substitutions by the use of overlapping sgRNAs.
Introduction
Transgenic animals are of great value not only as a basic research tool, but also as models for genetic disorders. Recent advancements in genome engineering, especially the development of programmable nucleases, such as the clustered regularly interspaced short palindromic repeat (CRISPR) and its associated nuclease (Cas9), significantly reduced the time required for and enhanced the efficiency of generating transgenic animals 1 . CRISPR/Cas9 technology utilizes the Cas9 endonuclease and single-guide RNA (sgRNA) containing a protospacer-adjacent motif (PAM) that directs Cas9 to induce double-strand breaks (DSBs) in a site-specific manner 2, 3 . Cas9-mediated DSBs activate two DNA-repair pathways: error-prone nonhomologous end joining (NHEJ) that allows generation of animals with a simple gene knockout [4] [5] [6] and homology directed repair (HDR) that facilitates generation of precise gene knock-in (KI) events with co-injection of specific donor plasmids 7, 8 or single-stranded oligonucleotide donors (ssODNs) [9] [10] [11] . Although generation of knockout animals is relatively straightforward due to the high efficiency of NHEJ, NHEJ-mediated DNA repair is limited to simple gene knockouts. Furthermore, although the HDR process allows generation of various transgenic animals with precise incorporation of KIs or conditional alleles, it is far less efficient than NHEJ 12 . ssODNs harboring the target-donor sequence and homology arms on each side are effective at introducing short foreign sequences, such as floxed alleles or nucleotide substitutions, to induce a point mutation into mouse or rat zygotes 10, 11, 13, 14 . Previous attempts have been undertaken to increase the yield of transgenic animals using ssODNs. For example, chemical modification with 3′-end phosphorothioate resulted in the increased efficacy of HDR-floxed alleles in mouse zygotes 11 . Although, some studies reported high KI efficiency, but it might not be reproducible in other target gene. As reported by Raveux et al. 15 , ssODN-mediated KI efficiency was various as 0-40% and affected by type of Cas9, injection site, size of homology arm and sgRNA binding site. In other word, ssODN-mediated HDR requires improvements to methods used to generate transgenic animals via ssODN.
A number of targeting sgRNAs can be designed in silico for conventional use with Streptococcus pyogene-derived Cas9 (SpCas9) within the genomic loci of interest due to its simple PAM (NGG). Given that sgRNAs with different target sites might exhibit different endonuclease activities 5, [16] [17] [18] , prescreening the activity of various sgRNAs within the genomic loci of interest is a necessary prerequisite to designing an appropriate ssODN that fits with the selected sgRNA. However, screening various sgRNAs in mouse zygotes constitutes a time-consuming and expensive process. To streamline this process, we simultaneously utilized multiple (dual or triple) sgRNAs for the target region of interest and discovered substantial differences in ssODN-mediated loxP insertion and pointmutation generation, with multiple sgRNAs sharing at least five base pairs (bps) of target sequences with each other (overlapping sgRNAs) exhibiting enhanced HDR efficiency as compared with results using multiple sgRNAs with nonoverlapping target sites. Furthermore, targeted deepsequencing analysis in cell lines confirmed our findings from embryo experiments, which exhibited higher KI efficiency through the use of overlapping sgRNAs. Although we observed no differences in NHEJ rates between overlapping and non-overlapping sgRNAs, overlapping sgRNAs induced shorter NHEJ-mediated sequence deletions in close proximity to the intended mutation site, which potentially favored the HDR process 19 . Using overlapping sgRNAs, we achieved highly efficient and rapid generation of six different KI embryos or mice containing either floxed or single-nucleotide-substituted alleles. Our results demonstrated that overlapping sgRNAs enhanced the efficacy of ssODN-mediated precise KI introduction in both in vitro cell cultures and one-cell-stage mouse zygotes.
Materials and methods
Animals C57BL/6 N mice were obtained from Koatech (Pyeongtaek, Korea). All mice were maintained in individually ventilated cages and given access to food and water ad libitum. This study was approved by the Institutional Animal Care and Use Committees of Seoul National University and Yonsei University and was conducted in accordance with approved guidelines.
Preparation of Cas9, sgRNA, and ssODN
Cas9 mRNAs were purchased from Toolgen (Seoul, Korea). sgRNAs for each gene were designed using CHOPCHOP 20 and synthesized using an in vitro RNAsynthesis kit (Thermo Fisher Scientific, MA, USA) following PCR amplification. ssODNs were commercially designed and synthesized (IDT, CA, USA). The 3′ ends of ssODNs were modified with phosphorothioate to improve stability 11 . Detailed sequences of ssODNs are provided in Table S1 .
Embryo microinjection
Superovulation was induced in C57BL/6 female mice by injection of pregnant mare's serum gonadotropin (Pro-Spec, NJ, USA) and human chorionic gonadotropin (ProSpec), followed by embryo collection on the following day. After 1, 2 h incubation, viable embryos with two pronuclei were selected, and microinjection was conducted using a micromanipulator (Eppendorf, Germany). Briefly, 50 ng/μL of Cas9 mRNAs, 10-20 ng/μL of each sgRNAs, and 20 ng/μL of each ssODNs were mixed and microinjected into pronucleus or cytoplasm of embryos. Embryos were cultured to the two-cell stage, followed by transfer into pseudopregnant females or culturing until the blastocyst stage for genotyping.
Genotyping and sequencing
DNA was extracted from morula embryos or blastocysts and the tail of pups. Single embryos were transferred to 150 µL tubes filled with 20 µL distilled water by mouth pipette and subsequently used as templates for PCR analysis following three rounds of freezing/thawing and denaturation at 95°C for 15 min. DNA extraction from tails was conducted using a gDNA-extraction kit (Intron Bio, Korea), and sequencing was conducted by conventional TA cloning and Sanger sequencing (Cosmo Genetech, Korea). Detailed sequences of primers are provided in the Table S2 .
Cell culture and transfection
The NIH3T3 cell line (ATCC CRL-1658; American Type Culture Collection, VA, USA) was cultured in Dulbecco's modified Eagle medium containing high concentrations of glucose (WelGene, Korea) supplemented with 10% fetal calf serum (WelGene) and 1× penicillin/ streptomycin (WelGene). For transfection, a mixture containing 4 μg of Cas9 proteins (ToolGen) and different sgRNAs (1 μg each) in the presence or absence of ssODNs (5 μg) were incubated at room temperature for 5 min. Cells (2 × 10 5 ) were then electroporated with the Cas9-sgRNA mixtures using a Neon electroporator (Thermo Fischer Scientific) and 10 μL electroporation tips. After 72 h, transfected cells were harvested, and their gDNA was extracted using a gDNA-purification kit (GeneAll Biotechnology, Seoul, Korea).
Targeted deep sequencing
On-target regions were PCR amplified from gDNA extracted from transfected cells using Phusion Taq polymerase (New England Biolabs, MA, USA). PCR amplicons were then subjected to paired-end deep sequencing using Mi-seq (Illumina, CA, USA), and deep-sequencing data were analyzed using Cas-Analyzer (www.rgenome.net) 21 . Indels 3 bp upstream of the PAM sequence were considered mutations resulting from the CRISPR/Cas9 reaction. For HDR analyses, KIs were counted when specific donor sequences from different ssODNs were found in the read sequences.
Statistical analysis
For statistical analysis, Student's t-tests were conducted using Graphpad Prism (Graphpad Software, CA, USA). The t-test was used to calculate p-values associated with KI efficiency in experiments using the NIH3T3 cell line. Statistical significance was defined as p < 0.05.
Results

Overlapping sgRNAs increase KI efficiency for targeted insertion of a 110 nt sequence into the Rosa26 locus
To assess the efficacy of this method, we attempted to knockin a sequence change in the recombinase-mediated cassette (loxP and loxP2272) into the Rosa26 locus using dual sgRNAs. To this end, we adopted a ssODN-mediated CRISPR/Cas9 KI strategy 13, 14 , where we microinjected two sgRNAs sharing 16 nucleotides (nts) and including the PAM sequence targeting the mouse Rosa26 locus (overlapping sgRNAs), the Cas9 mRNA sequence, the ssODN harboring 34 nts of the loxP sequence, the 42-nt multiple cloning site (MCS), the 34 nt loxP2272 sequence, and 45-nt homology arms at each end ( Fig. 1a ). We first isolated genomic DNAs (gDNAs) from microinjected embryos at the blastocyst stage and subjected these to polymerase chain reaction (PCR)-based genotype analyses. Of 67 total embryos, we found that 17 harbored the KI sequence ( Fig. 1b) . Because we achieved a relatively high KI efficiency (17/67, 25.3%), we then transferred microinjected embryos into recipients and obtained three founders that harbored the specific KI sequence out of eight newborn mice (Table 1 ; Fig. 1b, c) . Sequencing analyses revealed that these pups showed simultaneous precise KIs from HDR and NHEJ with genotypic mosaicism ( Fig. 1d ). Our observation of high-efficiency KIs using overlapping sgRNAs was unexpected, as sgRNAs sharing common target sequences would be expected to compete with one another for their binding sites, thereby hampering Cas9-mediated DSB formation.
Overlapping sgRNAs enhance loxP-KI efficiency
To validate the advantage of overlapping sgRNAs in loxP insertion, we performed another loxP-KI experiment where regulator of nonsense transcripts 1 (Upf1) was selected as a target locus. We designed three sets of overlapping (sharing at least 6 bps) or non-overlapping sgRNAs upstream of exon 2 (intron 1) and an appropriate ssODN containing loxP with homology arms located on (13) 1 (8) the 5′ and 3′ ends ( Fig. 2a) . Given that shorter Cas9derived DSBs result in improved ssODN-mediated integration of donor genes 19 , we transfected NIH-3T3 cells with the sgRNAs and analyzed NHEJ-mediated deletion patterns by targeted deep sequencing. These results showed substantial differences in the distribution of deletion sizes mediated by overlapping and nonoverlapping sgRNAs, with overlapping sgRNAs resulting in higher frequencies of shorter deletions than nonoverlapping sgRNAs (<10 bps; Fig. 2b-d) . Although there was a difference in deletion size, the overall efficiency of NHEJ-mediated insertion/deletion (indel) activity was higher in overlapping sgRNAs than non-overlapping sgRNAs (Fig. 2b) . We also performed ssODN-mediated KI in this cell line and found that although reductions in NHEJ-mediated indel introduction were observed in both overlapping and non-overlapping sgRNA groups, KI efficiency was too low to be analyzed ( Fig. 2e ). Next, we microinjected overlapping or non-overlapping sgRNAs with Cas9 mRNA and the ssODN into one-cell-stage mouse zygotes, and embryos were collected and subjected to PCR genotyping for KI analyses. Our results revealed higher KI efficiency using overlapping sgRNAs as compared with that observed from non-overlapping sgRNAs (13.0% vs. 4.5%, respectively; Fig. 2f and Table 1 ).
In order to check the reproducibility of the results using overlapping sgRNAs for HDR-mediated loxP insertion, we selected two other genes, sterol regulatory elementbinding protein 1 (Srebf1) and telomerase reverse transcriptase (Tert), for injection into mouse embryos. In the case of the Srebf1 locus, we attempted to insert one loxP sequence into intron 1 using non-overlapping sgRNAs and another loxP sequence into intron 4 using overlapping sgRNAs sharing 5 bps. PCR-based genotype analysis of gDNA from mouse tails revealed that overlapping sgRNAs induced an 18% KI rate, whereas non-overlapping sgRNAs induced an 8% KI rate (Table 1 and Figure S1 ). Although the targeting sites differed between overlapping and non-overlapping sgRNA administration, overall KI efficiency was higher at sites targeted by overlapping sgRNA. In the case of Tert locus, we attempted to insert the loxP sequences into introns 1 and 15 using overlapping sgRNAs sharing 14 and 21 bps, respectively. PCR-based genotype analyses of tail gDNA revealed that highly efficient two loxP KIs of 25 and 35% was achieved using overlapping sgRNAs (Table 1 and Figure S2 ). These results suggested that overlapping sgRNAs improved ssODN-mediated KI efficiency for the insertion of foreign gene sequences, such as loxP, in mouse zygotes.
Overlapping sgRNAs enhance the efficiency of nucleotide substitution ssODN-mediated KI is capable of introducing both small-sized foreign sequences and specific nucleotide substitutions. To determine whether overlapping sgRNAs enhance ssODN-mediated incorporation of mutations, we attempted to introduce point mutations in exon 6 of microrchidia 2A (Morc2a). We designed a ssODN containing 60 bp homology arms and a missense mutation resulting in a single-nucleotide substitution (cytosine to thymine) at nt-position 260 in exon 6 (cC260T), which would translate as a serine to leucine (pS87L) amino-acid substitution. To simplify PCR genotyping for KI analysis, nine additional silent point mutations were also inserted ( Fig. 3a) . To characterize potential differences in NHEJ patterns using other sgRNA combinations, we analyzed gDNA collected from NIH-3T3 cells transfected with either overlapping or non-overlapping sgRNAs. Consistent with the results obtained from the Upf1 experiment, targeted deep sequencing revealed more frequent and shorter deletion patterns (<10 bps) induced by overlapping sgRNAs than those observed using nonoverlapping sgRNAs (Fig. 3b-d) , supporting the hypothesis that shorter NHEJ-mediated deletions result in higher KI efficiency 19 . Furthermore, we found no significant difference in NHEJ-mediated indel ratios between usages of overlapping and non-overlapping sgRNA (Fig. 3b) . We then performed an additional KI experiment using the ssODN and observed a significant reduction in NHEJmediated indels following ssODN treatment with both overlapping and non-overlapping sgRNAs. Application of overlapping sgRNAs resulted in higher KI efficiency than use of non-overlapping sgRNAs (p < 0.0001; Fig. 3e ). These results suggested high correlation between deletion size and KI efficiency, given that both overlapping and non-overlapping sgRNAs showed similar NHEJ-mediated indel ratios in the presence or absence of ssODN treatment. Using the same methods as those described for the loxP-KI experiment, we microinjected overlapping or non-overlapping sgRNAs, Cas9 mRNA, and the ssODN in one-cell-stage zygotes, and blastocysts were collected and subjected to PCR genotyping for KI analysis. In agreement with results observed from the loxP-KI experiment, the use of overlapping sgRNAs resulted in a enhanced KI ratio as compared with that obtained from non-overlapping sgRNAs (44.4% vs. 1.4%; Fig. 3f and Table 1 ).
To produce the results associated with incorporation of HDR-mediated nucleotide substitutions using overlapping sgRNAs, we selected another gene (adenosine A2b receptor (Adora2b)) for injection into mouse embryos. We designed three overlapping and nonoverlapping sgRNAs and an appropriate ssODN harboring a silent mutation (cA890G), as well as 24 silent point mutations to aid PCR-based genotype analyses (Fig. 4a) . Twelve pups were born from the group injected with overlapping sgRNAs, and 13 pups were born from the group injected with non-overlapping sgRNAs. Consistent with our findings associated with Morc2a, we observed higher KI efficiency related to the incorporation of cA890G into Adora1 using overlapping sgRNAs (23%, 3/ 13) than that observed using non-overlapping sgRNAs (8%, 1/12) (Fig. 4b, c and Table 1 ). These results suggested that use of overlapping sgRNAs can improve ssODNmediated KI efficiency to incorporate of nucleotide substitutions in mouse zygotes.
Discussion
The CRISPR/Cas9 system is now considered as a standard tool for genome editing to induce site-specific DSBs and subsequent NHEJ-or HDR-dependent DNA repair. Although not as efficient as error-prone NHEJ, ssODNmediated HDR is capable of introducing precise KIs or point mutations. Because ssODN can be utilized without vector cloning, KI via vector-free ssODN constitutes a rapid and simple method for generating KI animals, cell lines, and even induced pluripotent stem cells derived from patients with inherited diseases. Therefore, improving the efficiency of this simple ssODN-mediated HDR process would significantly benefit the genomeediting field. Manipulating cell cycle stages 22, 23 and inhibiting NHEJ-dependent DNA-repair pathways upon incorporation of DSBs 24, 25 were suggested as methods for increasing HDR efficiency. Additionally, studies showed that chemical modification of ssODNs improved HDR rates 11, 26 . However, despite of these improvements, HDR remains inefficient in mutant mouse generation, reinforcing the need to improve HDR efficiency.
Due to the relatively high frequency of PAMrecognition sequences, SpCas9-mediated gene targeting is virtually possible in any loci of interest in the genome using multiple in silico sgRNA designs. However, although it is possible to predict the Cas9-medaited nuclease activity for sgRNAs through available online tools 21, 27 , in vitro sgRNA-specific Cas9 activity varies significantly 3, [16] [17] [18] . Furthermore, this can vary significantly among different cell lines 28 . Therefore, when generating KI animals, it is difficult to prescreen the activities related to different sgRNAs designed in silico. To overcome this limitation, we utilized multiple sgRNAs to reduce the time required for KI-animal generation and found that double or triple sgRNAs sharing at least several bps of the target sequence with one another exhibited significantly improved ssODNmediated HDR efficiency in both one-cell-stage zygotes and cell lines. Our expectation was that sgRNAs sharing several bps of targeting sites would compete with each other, thereby interfering with incorporation of Cas9mediated DSBs. However, we observed no differences in NHEJ-mediated indel rates in the absence of ssODNs between overlapping and non-overlapping sgRNAs, with smaller sizes of NHEJ-mediated sequence deletions induced by overlapping sgRNAs than those induced by non-overlapping sgRNAs. Given the reported advantages of ssODN-mediated KI in the presence of smaller sequence deletions 19 , it is possible that the high degree of KI efficiency achieved through the use of overlapping sgRNAs was a consequence of smaller NHEJ-mediated sequence deletions near the intended mutation site. Inui et al. 13 reported that the correlation between DSB frequency and KI efficiency is weak, and in agreement with this finding, we observed no difference in the frequency of indel activity between overlapping and nonoverlapping sgRNAs, although KI efficiency was significantly higher using overlapping sgRNAs than nonoverlapping sgRNAs. Our results suggested that overlapping sgRNAs do not influence Cas9-mediated nuclease activity and are, therefore, advantageous for the induction of smaller nucleotide deletions in close proximity to target sites than non-overlapping sgRNAs.
Although overlapping sgRNAs showed higher KI efficiency possibly due to smaller nucleotide deletions close to the target site, the exact mechanism associated with their increased efficiency remains unclear. It is generally expected that when two or more sgRNAs are designed for the same DNA strand, they are likely to compete for the binding site. However, in this study, we observed that overlapping sgRNAs designed to target the same strand did not exhibit reduced DSB frequency. Further kinetic studies utilizing several reporters tagged to individual sgRNAs may reveal the exact mechanism of action associated with multiple sgRNAs targeting binding sites within close proximity to one another.
Our results demonstrated a potential method for improving KI efficiency through the use of overlapping sgRNAs, which resulted in production of small-sized deletions close to the target sequence and significant improvements in the KI rate. Using this method, we successfully and efficiently generated several KI animals harboring single-nucleotide substitutions and floxed alleles. Given that incorporation of overlapping sgRNAs can be applied universally along with the in silico design of multiple sgRNAs, this method can also be applied in conjunction with NHEJ inhibitors to further improve KI efficiency.
